The Late Jurassic Naokelekan and Barsarin formations of northwestern Iraq have been investigated in three wells to assess their potentiality for hydrocarbon generation. The results of Total Organic Carbon content (TOC) and Rock-Eval Pyrolysis reveal fair to excellent content of hydrocarbon and suggest that the depositional conditions were suitable for the production and preservation of organic matter. The Thermal Maturity Proxy indicates that the studied formations were mature stage of hydrocarbon generation, with an exception of three samples from the Naokelekan Formation in Shaikhan-8 well, and two samples from the Barsarin Formation in Atrush-1 and Shaikhan-8 wells were at an immature stage. The S 1 and TOC relationship shows that all the samples are indigenous in nature. Most of samples from the Naokelekan Formation belong to kerogen Type II/III, and that in the Barsarin Formation belongs to kerogen Type II is dominant. The Pr/Ph, Pr/n-C 17 and Ph/n-C 18 ratios for the extracted bitumen of both the formations indicate that they were originated from marine organic matter under reducing conditions. The δ 13 C Sat and δ 13 C Aro range from −28.7 to −27.7h and −28.8 to −27.7h respectively. These biomarkers show high contribution of marine organic matters preserved under relatively anoxic conditions in the studied formations.
Introduction
Many hydrocarbon fields have been discovered in deeper Jurassic reservoirs of the northwestern part of Iraq in the recent years, such as Tawki, Atrush, Swara Tika and Shaikhan fields. The Jurassic period represents a separate and distinct petroleum systems much distinct from those of the Triassic systems, in that they their independent internal source rocks, reservoirs, and regional seals [1, 2] .
Atrush and Shaikhan oil fields are located in the High Folded Zone which is part of the Zagros Fold and Thrust Belt of Iraq, some 85 km northwest and 60 km north of Erbil city respectively. Both are recent oil discoveries in the Kurdistan Region of Iraq. The Atrush structure is a NW-SE oriented, doubly-plunged asymmetrical anticline, and its northeastern limb is gentler than the southwestern one. The dip of the steeper forelimb may reach > 70 ∘ , and is overturned in some localities [3] .
The Shaikhan anticline is a WNW-ESE trending, doubly-plunged asymmetrical anticline with a gentle southwestern limb and steeper backlimb. Consequently, this anticline is verging towards the northeast (hinterland). Furthermore, the attitude of the fold axis is 275 ∘ /5 ∘ , and the anticline is plunging 5 ∘ towards WNW. This fold is considered as an open structure due to its interlimb angle of 120 ∘ [4] .
The Late Jurassic Naokelekan and Barsarin formations were first described by [5] from outcrops in the Balambo-Tanjero Zone at Naokelekan and Barsarin Villages in NE Iraq. The Naokelekan Formation conformably overlies the Sargelu Formation [6] , and its upper contact with the Barsarin Formation is frequently marked by a detrital, ferruginous horizon in north Trust Zone [7] . The upper contact of Barsarin Formation with Chia Gara is conformable in the type area [5] . The Upper Callovian-Lower Oxfordian, with Kimeridgian and Oxfordian ages were suggested for Naokelekan and Barsarin source rocks in North Iraq respectively [8] . This was based on the study of Palynomorphs, mainly dinoflagellate cysts. Whereas, the age of Naokelekan Formation in Iraqi Kurdistan was indicated as Callovian to Upper Oxfordian based on the presence of Cyclagelosphaera deflandrei sp. and lotharingius sp. [9] . The amount of Total Organic Carbon (TOC) of the Naokelekan Formation decreases toward west, north, and southeastern parts of Iraqi Kurdistan ranging between 0.4 to 18.8 wt.%, [10] and that the types II and III kerogens are the main components of organic matter [10, 11] .
This study is the first one conducted on Mangesh-1 (Ma-1), Atrush-1 (At-1) and Shaikhan-8 (Sh-8) wells (Figure 1 ). Although Naokelekan and Barsarin formations are consider as important sources of hydrocarbons in the northern Iraq basins, there are lack subsurface studies on the formations in northwestern Iraq. The objective being assessment of the TOC content and kerogen type characterization, along with determination of its maturity stage in order to deduce the genetic potential (GP). Furthermore, the depositional conditions of Late Jurassic Naokelekan and Barsarin formations are being studied by integrating organic geochemical data and molecular characterization.
Geological Setting of Late Jurassic Period/Formations
The Jurassic period in Iraq invariably includes the Late Toarcian-Early Tithonian Megasequence (AP7) spatially and temporally. There are several genetically related sequence packages that were deposited during this period. The geological successions exposed within the studied well-sections include Jurassic Alan, Sargelu, Naokelekan and Barsarin formations from the oldest to youngest. Younger Cretaceous units are comprised of Chia Gara, Garagu, Sarmord, Qamchuqa, Kometan, Wajna, and Aqra formations. These were further overlain by the Tertiary succession comprised of Kolosh, Gercus and Pila Spi formations ( Figure 2 ). Naokelekan Formation overlies Sargelu Formation and the represented contact between them is conformable [5] . The upper contact, of which is also conformable with the Barsarin Formation, is frequently marked by a detrital, ferruginous horizon in north Thrust Zone [7] .
The lithology of Naokelekan Formation from bottom to top in the studied wells consists of: -Argillaceous limestone, light to medium to dark grey, occasionally brownish grey, firm blocky, hard in part, subangular to angular, brittle, microcrystalline, slightly dolomitic. -Pale grey-brown limestone, rarely dark grey-brown, hard, brittle, sub-blocky to angular microcrystalline, argillaceous in part, slightly dolomitic. -Calcareous claystone, which is very dark grey to brownish grey, rarely black, moderately hard, subblocky to angular, carbonaceous ( Figure 3 ). Barsarin Formation conformably overlies Naokelekan Formation and conformably underlies Chia Gara Formation in the type area [5] and the studied wells.
The lithologic composition of Barsarin Formation from bottom to top in the studied wells, consists of: -Snowy white anhydrite, soft occasionally firm. -Limestone, medium to dark brown in color, moderately to very hard, brittle, blocky to angular, firm to moderately hard, blocky, crumbly, slightly argillaceous. -Shale, light grey to dark grey, brownish, moderate soft to moderate hard, fragile and fissile. -Claystone, predominantly light grey, soft, amorphous, occasionally grading medium grey, moderately hard. -Dolomite, medium to dark brown in color, hard, brittle, blocky to angular ( Figure 3 ).
The area of the High Folded Zone of Iraq including, Balambo-Tanjero and Northern Thrust Zones is characterized by condensed sedimentary successions of euxinic environment in the lower part (Naokelekan Formation), and lagoonal evaporites in the upper part (Barsarin Formation). This in turn led [12] to confer the presence of a tectonic ridge separating the basin in northern Iraq.
The available palaeogeographic maps for Late Jurassic demonstrate that the entire area was influenced by tectonic load along the Arabian Plate margin prior to the 
Sampling and Analytical Techniques
A total of 15 well cutting samples were collected from shale and bituminous limestones within the Naokelekan and Barsarin formations ( Table 1 ). All the samples were analyzed at the Geological Survey Repository Facility in Erbil-Iraq.
The TOC (wt.%) was determined using a Buchner funnel and LECO C230 analyzer. The studied rocks were analyzed by Rock Eval pyrolysis method which estimates the GP (GP=S 1 +S 2 , in Kg HC/Ton rock) of rock samples using Rock-Eval 6 apparatus, according to a programmed temperature pattern. This was followed by heating the samples to 850 ∘ C at rate of 25 ∘ C/min in an oxidation oven in the presence of air to oxidize the residual carbon [13, 14] . The released hydrocarbons were monitored by Flame Ionization Detector (FID), generating two distinct peaks, S 1 (thermally distilled free hydrocarbons in mg HC/g of rock) and S 2 (hydrocarbons released from the cracking of kerogen in mg HC/g of rock). In addition, carbon dioxide (CO 2 ) released during pyrolysis was monitored in real time by IR cell S 3 (in mg CO 2 /g of rock), giving information on the oxidation state of the kerogen. The temperature at the S 2 peaks is called ( Tmax in ∘ C), which gives an indication of kerogen maturity. Tmax can also be used to calculate Vitrinite Reflectance (Ro) which is mathematically expressed by [15] as Ro(calculated) = (0.018×Tmax) − 7. 16 Other diagnostic ratios have been calculated from the S 1 , S 2 , S 3 and TOC such as Production Index (PI=S 1 /GP), Hydrogen Index (HI=S 2 /TOC×100, in mg HC/g TOC) and
Oxygen Index (OI= S 3 /TOC×100, in mg CO 2 /g TOC). Pyrol- ysis data were recorded with an aim to characterize the organic richness, kerogen type, petroleum generation potentiality and their thermal maturity [13, 14, 16, 17] . Gas chromatography (GC) was prepared to measure the abundance of alkane peak introduced by syringe into capillary column pursued by ionization during a controlled period. Six rock extracts were fractionated and analyzed in a similar fashion to the oils using Hewlett Packard HP 6890 Series II GC gas chromatograph. Stable carbon isotopic composition of the saturate and aromatic hydrocarbon fractions was determined, and the branched/cyclic fractions were analyzed by GC and Gas chromatography-Mass Spectrometry (GC-MS).
The samples of Naokelekan and Barsarin formations in the three studied wells were performed by StratoChem Cervices, New Maadi Cairo, Egypt.
Results and Discussion

Hydrocarbon potential
The hydrocarbon potential of Naokelekan and Barsarin formations in Ma-1, At-1 and Sh-8 wells was determined from Rock Eval data (Table 2) . Several parameters were examined for extracting the thermal maturity of the possible source rocks. Quality of organic matter (OM) determines whether the kerogen is oil-prone (Type I and II) or gasprone (Type III), [14] .
The S 1 versus TOC plot provides the conclusive evidence about the origin of hydrocarbon present, whether it is indigenous (autochthonous) or non-indigenous (allochthonous), [18] . Figure 5 elucidates that all the analyzed samples from Ma-1, At-1 and Sh-8 wells lie below the inclined line (not migrated), and most of them have high TOC relative to low S 1 values, indicating their indigenous origin and free from contamination.
The measured Tmax values ranging between 427 ∘ C and 442 ∘ C indicate that all the samples were thermally maturated early [19] . Similarly, the OI values ranging from 6 to 166 mg CO 2 /g rock, are < 200 mg CO 2 /g rock, which indicates that there is no intensive weathering or mineral decomposition in analyzed rock samples [20] . Calculated Ro values ranging between 0.53 and 0.80%, corresponds to the onset of oil generation ( Table 2) .
The pyrolysis data (HI vs Tmax) indicates that most of the analyzed samples from the Naokelekan Formation are limited to the mature and immature zones of mixed Type II-III, whereas most of samples from the Barsarin Formation fall within the mature field of kerogen Type II (Figure 6 ). This also corresponds to their HI and Tmax values that range from 245 to 550 mg HC/g TOC, and 427 to 442 ∘ C respectively ( Table 2 ). This suggests that the Naokelekan Formation in Ma-1 and At-1 wells are more likely to be gas prone, while Barsarin Formation in the same wells have limited capacity to generate liquid hydrocarbons.
TOC content of the studied samples ranges from 0.52 to 6.07 wt% and 0.78 to 13.00 wt% with an average of 1.7 wt% and 3.3 wt% for the Naokelekan and Barsarin formations, Table 2 ). The variation in TOC of Naokelekan and Barsarin formations from one well to another are due to the change of the environmental conditions that produced different lithologies. A number of samples from the Naokelekan Formation are rated in TOC higher than the rating depending on S 2 , probably due to some oxidized and/or reworked OM within different depositional environments (Figure 7) .
A plot of S 2 versus TOC demonstrates that most samples from both formations are Type II, Kerogen and prone to different levels of oil and gas (Figure 8) . These results were supported by the previous work that performed by [21] .
Gas chromatographic analysis
Six cutting samples from Naokelekan and Barsarin formations were chosen belonging to Ma-1, At-1 and Sh-8 wells to carry out the geochemical parameters of isoprenoid hydrocarbons, i.e., pristane (Pr) and phytane (Ph), that could act as indicators of the depositional environments ( Table 3 ). Carbonate source rocks which were deposited in a reduced or anoxic depositional environment have <2 Pr/Ph value [15] . The higher Ph content and lower Pr/Ph ratio is possibly due to the reducing environment at the time of the deposition of the source rock [22] .
The Carbon Preference Index (CPI) is used as an indicator for maturity [15] CPI = 2(C 23 +C 25 +C 27 +C 29 ) / [C 22 + 2(C 24 +C 26 + C 28 ) + C 30 ]. Early researches maintained that immature source rocks often had high CPI values of >1.5, whereas those of oils were invariably <1.2 [23] . e.g., mature source rocks have CPI values of 0.8<CPI<1.2, [19] . The Naokelekan and Barsarin formations in the three wells have low Pr/Ph values of (0.37-1.04) and (0.32-0.87) respectively, indicating an anoxic, reduced marine carbonate depositional environment [24] , (Figure 9 ). This conclusion has been noted by [25] at Miran-2 well, Miran oil field, NE Iraq. The Pr/n-C 17 ratio is helpful for discriminating OM that formed under marine environment <0.5, from those formed in swamp environment >1.0, [26] . Lower values of Ph/n-C 17 , and Pr/n-C 18 indicate marine source rock bearing Type-II kerogen [27] .
The Pr/n-C 17 , Ph/n-C 18 ratios of the six extract samples for the Naokelekan and Barsarin formations are 0.24-0.34; 0.30-0.72 and 0.16-0.40; 0.24-0.95, respectively (Table 3), indicating that the extracted bitumens were derived from a carbonate-rich-source rock, deposited in an anoxic marine environment and also appear to be medium to low biodegraded ( Figure 10 ). The CPI of the extracts of both studied formations are >0.80 and <1.20 indicating marine source at the maturation stage, albeit with an exception of Naokelekan Formation sample in Sh-8 well with CPI value of 1.28 indicating immature stage (Table 3 ).
Carbon isotopes composition (δ 13 Ch)
The isotope composition of the extracted bitumen (saturates and aromatics) can be used to distinguish between terrigenous and marine depositional environments by applying a mathematical relation known as Canonical Variable (CV) given by [28] , stated as, CV = −2.53δ 13 C Sat + 2.22δ 13 C Aro −11.65. The CV value of > 0.47 mostly indicates terrigenous organic matter, whereas < 0.47 indicates predominantly marine organic source [28] . The calculated CV for the studied extracts ranges from -3.06 to -1.89 indicating prevalent marine environment (Table 3) .
On the other hand, values of carbon isotope for the saturates (δ 13 C Sat ) and aromatics (δ 13 C Aro ) for five rock extract samples, belonging to Naokelekan and Barsarin formations, range from −28.7 to −27.7h and −28.8 to −27.7h, respectively ( Table 3) . These values indicate a slight variation in isotopic composition of the extracted samples, owing to the maturation level between them [29] . It indicates that the OM of these formations was mainly derived from the marine source ( Figure 11) .
The GC-MS method was applied to monitor the ions with a mass/charge (m/z) ratio of 191 (terpanes) and 217 (steranes). Steranes are derived from sterols which are widely diffused in plants and microorganisms. The C 27 and C 28 sterols are most abundant in marine organisms and the C 29 sterols in higher plants (Table 3 ). These general distributions in rock extracts can be used to indicate biological origin and depositional environment [23] .
The ternary plot of regular steranes, expressed as C 27 %, C 28 % and C 29 % is used to compare between the de- positional environment and source materials for the studied samples. The resource of C 27 steranes is of marine origin, and that of C 29 steranes is mainly from advanced plants, whereas C 28 steranes consist of a mix of advanced plants and algae [15] .
The samples extracted from Naokelekan and Barsarin formations are characterized by abundance of C 27 over C 28 and C 29 that was deposited exclusively under marine environment (Figures 12, 13 ). 
Conclusion
Following conclusions have been drawn from the geochemical and molecular characterization studies of the Late Jurassic Naokelekan and Barsarin formations samples from Ma-1, At-1, and Sh-8 wells in the northwestern Iraq that, 1. The OM in the Naokelekan Formation is mainly of Type II/III, whereas that of Barsarin Formation is dominantly, Type II. 2. The TOC contents ranging from 0.52 to 6.07 wt% (1.7 wt%, av.) and 0.78 to 13.00 wt% (3.3 wt%, av.) for the Naokelekan and Barsarin formations, respectively, indicate that they have good source rock potential. 3. The OM in the sediments of Naokelekan and Barsarin formations were deposited in an anoxic environment, as revealed by Pr/Ph, Pr/n-C 17 and Ph/n-C 18 ratios, and they also appear to be medium to low biodegraded. 4. Carbon isotopic ratios of the saturate and aromatic fractions of the extracted samples from ternary plot of regular steranes of C 27 %, C 28 % and C 29 %, reveals that the OM in Naokelekan and Barsarin formations were derived mainly from the marine environment.
